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Abstract 
Tunnel Boring Machines (TBM) are used to bore tunnels, a specific area of interest for TBMs 
is their cutter heads, which is a massive steel structure with hardened steel disc cutters 
attached. The disc cutters can encounter all types of geology (i.e. from soft clays, slits, sands 
etc., to soft rock and extremely hard rock) and environments (i.e. dry, wet, seawater or 
chemical additives). These geologies and environments cause the disc cutters to be 
continuously exposed to degradation in form of wear/abrasion, corrosion and fatigue, being 
abrasion the dominant mechanism. Replacing the disc cutters is a considerable part of the 
total tunnelling costs. Therefore, a better understanding of the degradation mechanisms 
occurring during tunnel boring in different geology and environments can contribute to 
reducing the disc cutter wear and consequently, reducing the tunnelling costs by enlarging 
their lifetimes.  
In this project, the tribological performance of steels used in the disc cutters of Tunnel Boring 
Machines (TBM) has been assessed using different tests and environments close to the 
TBM working conditions in order to find the best way of predicting on-site wear mechanisms. 
Rock and soil tunnelling processes have been assessed. Rock/soil and water samples were 
obtained from field (i.e. active tunnel boring projects) in order to reproduce more realistic 
results. Three different tribological tests, reciprocal ball-on-plate, rubber wheel and 
hyperbaric soil ground abrasion tests have been used in this work.  
The reciprocal tests were done by rubbing steel balls onto the rock obtained from tunnel 
boring sites. The tests were performed in dry conditions, water (from the same site), and a 
mixture of water and conditioning additives designed for use in hard rock tunnel boring. After 
the tests no measurable weight loss was observed on the steel balls, however the liquid 
environment and the conditioning additives changed the wear mechanism on the steel 
surface as compared to the dry conditions. The water and additives also provided some 
lubrication, being the additives the best lubricant. The rubber wheel tests were performed in 
different combinations of water, sand and conditioning additives. The tests showed that 
adding the additives to the sand and water mixture significantly reduced the weight loss 
however some additives caused pitting. The hyperbaric soil ground abrasion tests were 
performed in dry and wet conditions and showed similar weight loss. However, SEM pictures 
revealed that in the test with sand saturated in water, both abrasion and corrosion occurred. 
While in the dry test, only abrasion occurred. This indicates that in this test the hardness of 
the steel and abrasiveness of the sand is more decisive for the weight loss than the 
corrosivity of the solution. 
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1. Background and motivation 
This project has its background on the cooperation between two departments of the 
Norwegian University of Science and Technology (NTNU): the Dept. of Civil Engineering and 
the Dept. of Engineering Design and Materials. The cooperation was established with the 
aim of finding an experimental approach to understand the steel cutter degradation in Tunnel 
Boring Machines (TBM) and thus helping in designing new solutions for longer cutter life. 
The Dept. of Civil Engineering at NTNU lacked of the background for materials testing in 
tribology, but they had a background on predictive models for TBM machinery operating in 
different geologies. The Dept. of Engineering Design and Materials had the experimental and 
theoretical background for tribology, but lacked the geological part. The combination of this 
expertise has given as a result this project work.  
It has been well documented by Bruland [1] in a work that lasted for more than 15 years that 
the dominating reason for changing cutter discs in TBMs is abrasion. Figure 1.1 shows an 
overview of the different mechanisms recorded in a field tunnel boring projects to cause 
cutter refurbishing or replacement during production of a tunnel (note that due to 
confidentiality the location of the project presented in the figure cannot be disclosed). The 
dominating wear mechanism found in-situ is abrasion (52%), followed by blocked discs 
(20%) and chipping (16%). A detailed graph showing the cutter consumption with reasons for 
change and positions within the cutter head are shown in Figures 1.2 and 1.3 respectively. 
This sets up the basis for this project and the need for performing research on the 
mechanisms contributing most to cutter refurbishing and replacement. In that sense, a 
materials approach is needed in order to understand and therefore optimise the cutters’ 
usage. 
   
Figure 1.1. Overview of wear mechanisms in a real tunnel boring project. 
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Figure 1.2. Reasons for cutter change in all head positions. 
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Figure 1.3. Positions of the cutters in the cutter head as shown in figure 1.2. 
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2. Introduction 
Full face tunnelling with tunnel boring machines (TBMs) is a well-known and widely utilized 
method to excavate tunnels. 60–80% of tunnels build in the world today are excavated by 
TBMs [2]. Tunnel Boring Machines are a suitable and economically efficient method on 
underground technology expansion especially for making long tunnels. These machines 
have become very important in difficult tunnel projects all around the world and can be 
considered one of the most important engineering achievements of civil engineering. TBMs 
can encounter all types of geology and mineralogy/chemistry, from soft clays, slits and 
sands, to soft rock and extremely hard rock, which might become even worse if humidity, 
water, oxygen and conditioning additives (i.e. chemicals to improve TBM performance) are 
involved in the process.  
In tunnelling, the combined action of abrasion on the steel cutters rolling against the rock/soil, 
the mineralogy of the rock/soil and the environment generate a tribological system consisting 
of three interacting bodies as shown in Figure 2.1: abrasives (i.e. rock or soil), chemical 
environment (i.e. mineralogy of rock/soil and liquid media present) and counter body (i.e. 
steel). Tribology is the science and technology of interacting surfaces in relative motion. This 
is a multidisciplinary subject where different disciplines of science interact for covering the 
study of lubrication, friction and wear of materials. Abrasion is one of the four main wear 
mechanisms recognized in the tribology literature and is a form of wear caused when solid 
materials are loaded against particles having equal or higher hardness [3-5]. Abrasion is 
commonly experienced in TBM applications and in addition, since this tribological system 
involves also liquid media that is typically water based it can be thus considered a 
tribocorrosion system from the point of view of the cutter discs. Tribocorrosion is a wear 
mechanism that encompasses the simultaneous action of mechanical and chemical effects 
in materials and typically affects metals and metal alloys (passive and active).  
In the cutting process of a TBM the disc cutters are pushed in radial direction towards the 
tunnel face while rotating around their own shaft. Directly beneath the contact zone the rock 
is pulverized. The very high contact pressure exerted by the disc generates cracks in the 
rock right in front of the cutter as shown in Figure 2.1. These cracks will generate a chip 
releasing the rock. This process is more efficient if the rock is brittle and the penetration rate 
is high. On the other hand, in soil ground TBM a combination of rotating disc cutters, scraper 
tools and ripper tools are installed on the TBM cutter head. Generally, the disc cutters are 
designed to apply a high thrust force (approximately 300 kN per disc) in to rock mass, 
inducing tensile failures and chipping from rock, while scraper tools are designed to scrape 
coarse soil from the tunnel face and ripper tools are ripping cohesive soil material (clay and 
silt). The consequence of tunnelling in abrasive soil conditions is an increased demand for 
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replacement of the excavation tools (disc cutters, scrapers and rippers). The disc cutters are 
equipped on the TBM if the rock mass exceeds a compressive strength of 20 MPa. However, 
disc cutters are quite often installed to cope with boulders (large rock blocks) inside a soil 
matrix as well [2]. 
 
(a) 
 
(b) 
Figure 2.1. Tribosystem of TBM cutter heads: (a) Hardrock and (b) soil [6]. 
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Due to the large investments involved in long tunnels excavated by TBMs, planning and risk 
management take a great importance for the technical successfulness of the projects. To 
create estimates for building costs, geological back-mapping (i.e. prediction models) of 
tunnels is continuously performed. The combination of rock parameters, intact rock and rock 
mass, are the basis of these prediction models. An important parameter for tunnelling costs 
by TBMs is their cutter discs consumption. The cutters are continuously worn out as boring 
takes place and are immensely affected by the above mentioned geological parameters. 
Replacement of cutters can in some rock formations amount to 15% of the total tunnelling 
cost. As shown in Figure 1.1, the replacement of disc cutters can have many different 
origins, being wear (abrasion) the dominant one. In some cases worn out cutter tools and in 
fact worn out cutter head structures can jeopardize whole tunnelling projects. However only 
few projects have studied the effect on steel cutters microstructure from different geological 
formations. The knowledge of how wear is affected by microstructural changes may be used 
to further improve our understanding of cutter disc life. This knowledge may further improve 
the current tunnel boring technology and cost estimates. 
Depending on rock excavatability and abrasivity disc cutters can experience significant wear. 
Wear of cutter discs can be distinguished in two general types:  
(1) Primary wear: radial loss of the cutter ring at its tip due to its contact with the tunnel 
face. This is the wear type that is linked to the cutting process. 
(2) Secondary wear: loss of material on all other areas of the disc cutter assembly. This 
is usually due to impacts from loos blocks and abrasion due to muck flowing around 
the disc cutter. 
Figure 2.2 shows a typical hard rock cutter design along with typical images of primary and 
secondary wear. However, in Figure 1.1 other reasons for disc cutter changes are possible. 
If cutter rings are too soft or when exposed to extremely high contact pressure in very hard 
rock, plastic deformations of the disc may occur, and the disc damage is typically called 
“mushrooming”. In less abrasive rock types a local chipping of cutter discs can occur, which 
is generated by fatigue cracks due to highly variable local loading. Errors in heat treatment of 
cutter discs and impact loads by metal debris can result in pitting as well. Figure 2.3 shows 
typical examples of mushrooming and chipping. Other reasons for cutter discs changes are 
blocking of the discs and failures related to bearings and seals. These last failures 
mechanisms can account for as much as more than 20% of disc failures and are therefore 
important to take into account. Figure 2.4 shows a blocked cutter disc and a bearing failure. 
However abrasion is the dominant failure mechanism of all. 
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(a) 
  
(b) (c) 
Figure 2.2. (a) Typical disc cutter, (b) primary wear and (c) secondary wear [7]. 
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(a) 
 
(b) 
Figure 2.3. (a) Mushrooming and (b) chipping of disc cutters [7]. 
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(a) (b) 
Figure 2.4. (a) Bearing failure due to poor lubrication and (b) blockage of a disc cutter [7]. 
To more accurately predict wear rates on cutter discs in hard rock tunnel boring, tests 
method for measuring rock abrasivity to perform cutter wear assessments on hard rock 
tunnel projects have been developed all over the world since the 1980s. Some of these tests 
are summarized in Table 2.1. 
Table 2.1. Tests methods for measuring rock abrasivity. 
Test (year) Property Parameters 
CERCHAR abrasivity 
test (1986) 
CERCHAR Abrasivity Index 
(CAI) for classifying rocks 
according to abrasivity 
Indenter (hard steel) moves over 
a rock surface 
LCPC test (1990) LCPC Abrasivity Coefficient 
(LAC) for classifying rocks 
according to abrasivity 
Impeller (medium hard steel) 
rotating in a container with 
crushed rock 
Norwegian abrasion 
test method (1980s)  
Abrasion Value Cutter Steel 
(AVS) for classifying rocks 
according to abrasivity 
Cutter ring steel sliding over 
crushed rock 
Rolling Indentation 
Abrasion Test, RIAT 
(2014)  
RIAT Abrasivity Index  Cutter ring steel rolling-sliding 
against a bulk rock 
The abrasivity of the rock is measured as the potential of a rock or soil to cause wear on a 
tool. It depends on the system (e.g. types of tools, mechanisms of excavation, temperature, 
applied loads, chemical environment) and it is never an intrinsic physical parameter. The 
investigation of abrasivity is based on a variety of testing procedures and standards covering 
a wide scale as summarized in Figure 2.5.  
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Figure 2.5. The variety of scale tests performed for assessing rock abrasivity [8].  
The results of the abrasivity tests used in TBMs since the 1980s are used to make a series of 
rock classifications according to the different tests as summarized in the tables below 
(Tables 2.2, 2.3 and 2.4). However they fail in actually understanding the wear mechanisms 
that occur in the cutter steel since they do not take into account this part of the tribological 
system described above.  
Table 2.2. CAI abrasivity classification according to the Cerchar test.  
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Table 2.3. LAC abrasivity classification according to the LCPC test.  
 
Table 2.4. AVS abrasivity classification according to the Norwegian abrasion test method.  
 
2.1. Objectives 
A specific area of interest of this project is the TBMs cutter head, which is a massive steel 
structure with hardened steel cutter discs. Attention will be also paid to the abrasives at 
which the cutter head are exposed to (i.e. hard rock and soil) and to the environment 
exposed (i.e. water and conditioning additives). In particular the interaction of the three 
bodies of the tribological system will be studied in order to assess what are the most relevant 
parameters contributing to the degradation of the cutter discs. As mentioned above, the disc 
cutters are continuously wearing out in many different environments depending on the 
mineralogy of the rocks and/or soils, leading to a substantial part of the tunnelling cost. In 
addition the effect of conditioning additives on wear is also of great interest since this might 
contribute positively or negatively to the overall wear process. None of these topics were 
investigated in the 1980s when the abrasivity tests were proposed and now in the 2000s with 
the boom of the use of conditioning additives in TBM projects to improve the tunnelling 
efficiency it has become necessary to start looking at it. Specific objectives for the project 
are: 
• Propose laboratory tests for testing the performance of steel cutters used in TBMs. 
• Study the effect of environment on the abrasivity of the soil/rock. 
• Study the conditioning additive chemistry that helps best in reducing the degradation 
of the cutter steels. 
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2.2. Scope of the project 
Two types of conditioning additives have been studied in this work. One designed for boring 
in hard rock and one for boring in soil. The purpose of the additive used in hard rock boring is 
to reduce friction, cool down the cutter tools and reduce the amount of dust in the air. The 
purpose of the additive used in soil boring is to reduce the wear on the cutter tools. 
The cutter steel used in the laboratory tests has been machined from real cutters used in 
TBMs. The rocks and soils used in this work were collected in-situ at two different sites from 
around the world. The chemical environment in these sites had different degree of 
corrosivity. 
The experimental setups have been designed for simulating the abrasion-corrosion 
conditions of the tunnel boring environments. Three set-ups were tested, the reciprocal ball-
on-plate setup that causes a wear scenario on the rocks compatible with the scenario during 
tunnel boring in rock. And the Rubber Wheel and the Hyperbaric Soil Ground Abrasion Test 
setups close to the wear scenario during soft grounds (soils).  
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3. Theory 
3.1. Tunnel Boring Machines 
Excavation by TBM is done by a machine with a circular cross section. TBMs minimize the 
disturbance of the rock and make it possible to follow the plan tunnel profile precisely [9]. It is 
important to know as much as possible about the different geological and geo-mechanical 
characteristics of the soil/rock to be excavated since there are different types of TBMs 
applicable to different types of geology [10]. It is also important to know something about the 
hydro-geological conditions such as the rock/soil density, cohesion, permeability, expected 
water pressure, seasonal/tidal variations, pH-value, etc. [10]. Especially for tunnel boring in 
soil it is important to be able to determine the soil/water pressure in order to determine the 
pressure needed to keep the tunnel face stable during boring. 
3.1.1. Hard Rock TBMs 
Leonardo da Vinci can be considered as the first to propose a mechanised horizontal drilling 
through hard rock [11]. Although a drawing has never been found in his sketches, his notes 
explain methods of both horizontal and vertical drilling. No further development is recorded 
until the first working TBM was patented by Charles Wilson in 1856 [12]. The improved 
version of the original design is shown in Figure 3.1. It was used to build the 7645 m Hoosac 
tunnel in Massachusetts, USA. Although TBMs were used in various tunnelling projects, 
troubles with reliability and efficiency of the design stopped their practical use for almost a 
century. James Robbins built a machine resembling the present design in 1953. It utilized a 
combination of fixed and rotating steel disc cutters, and set a world record for production 
length per 8 hours (18.5 m) and 24 hours (49 m). The ground was soft Pierre shale and 
could therefore not be considered rock but it was a clear indication of the potential of a TBM. 
 
Figure 3.1. Charles Wilson first TBM patent in 1856 [12]. 
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TBMs excavate a circular cross section with sizes usually varying from 2.5 to 15 m [1]. They 
may be utilized in most ground classes but often require a certain sustainability of the 
geological formations to obtain a solid support structure. There are two main types of TBMs 
used in hard rock: the open gripper-type and the shielded type machines. The cutter head 
excavation process for the two types is the same. The cutter heads have a certain number of 
disc cutters to excavate the hard rock (Figure 3.2). The excavation process is performed by 
the cutter head being pressed against the excavation face, causing the cutters to penetrate 
into the rock. This leads to severe tensile and shear stresses, which again causes 
pulverisation and chips due to crack formation. Due to difference in hardness of the rocks at 
the tunnel face and the roughness caused by the chipping process, the disc cutter 
experiences a hammering effect with high loading peaks. The failure mechanism, causing 
chipping, under the cutter was shown in the introduction (Figure 1.1). In addition to the wear 
experienced on the cutter discs during boring, the hammering effect may cause fatigue of the 
steel. 
 
 
 
Figure 3.2. (a) A hard rock TBM machine by The Robbins Company and (b) typical disc 
cutter design [10]. 
3.1.1.1. Rock characteristics 
The characteristics of the rocks encountered during tunnel boring determine the performance 
of the TBM, including excavation rates and cutter consumption. Strength, toughness, 
hardness and abrasivity are important parameters influencing the characteristic of a rock. 
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Another important parameter is the weakness planes, which will have a strong influence on 
the boring process [13]. 
As mentioned earlier, the abrasiveness of the rock is one of the main engineering 
parameters to take into account for the life assessment of TBMs. The hardness and the 
strength are parameters affecting the rock abrasivity. For a rough indication of the abrasivity 
of a rock the Moh’s hardness may be used. To obtain a more accurate value it is possible to 
use the Cerchar test, the LCPC test or the Norwegian abrasion test.  
The CERCHAR abrasivity test is a method to determine the CERCHAR Abrasivity Index 
(CAI) for classifying the abrasivity of the rock. The testing principle was originally developed 
and introduced by Centre d'Études et Rescherches des Charbonnages de France in the 
1980s [14]. A rock specimen is firmly held in the test apparatus (Figure 3.3). A normal force 
of 70 N is applied while the stylus is moved a total distance of 10.0 mm across the rock. The 
duration of the movement of the stylus should be completed within 1 ± 0.5 s with Type 1 
apparatus and 10 ± 2 s with Type 2 apparatus. The test measures the wear on the tip of a 
steel stylus having a Rockwell Hardness of HRC 55. The CAI is a dimensionless unit value 
and is calculated by multiplying the wear surface stated in units of 0.01 mm by 10. Table 2.2 
shows the abrasivity classification system for the CAI. 
 
Figure 3.3. Two main types of CERCHAR test apparatus commonly in use. Left Type 1, 
original design CERCHAR-type apparatus. Right Type 2, the modified CERCHAR apparatus 
as reported by West (1989). 1 = mass, 2 = pin chuck/guide, 3 = stylus, 4 = specimen, 5 = 
vice, 6 = lever/hand crank [15]. 
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The LCPC test is a method used to determine an index called the LCPC Abrasivity 
Coefficient (LAC, Table 2.3) for classifying the abrasivity of the rock. The testing principle 
was originally developed and introduced by Laboratorie Central des Ponts et Chaussées in 
the 1980s [16]. 
An outline of the test apparatus is given in Figure 3.4. The impeller is a rectangular metal 
plate with size (50 × 25 × 5 mm) and it is made of standardized steel with a Rockwell 
hardness B 60–75. The impeller rotates for 5 minutes at a speed of 4,500 rpm in the 
cylindrical container filled with the sample material which is a crushed, sieved and air-dried 
specimen of 500 ± 2 g of the fraction 4–6.3 mm. The metal impeller is weighed before and 
subsequent to testing and the mass loss of the impeller constitutes quantity of the rock 
abrasivity. 
 
Figure 3.4. LCPC abrasivity testing device [17]. 1 = motor, 2 = metal impeller, 3 = sample 
container (diameter 93 mm × 100 mm), 4 = funnel tube.  
The test method often referred to as the "Norwegian abrasion test method" is amongst other 
used to determine Abrasion Value Cutter Steel (AVS). The AVS, which was developed and 
introduced by NTNU in the beginning of the 1980s, constitutes a measure of the rock 
abrasion or ability to induce wear on cutter ring steel. The AVS represents time dependent 
abrasion of cutter steel caused by crushed rock powder. Figure 3.5 shows the outline of the 
abrasion test method [18]. The AVS is defined as the measured weight loss of the test piece 
in milligrams after 1 minute (i.e. 20 revolutions of testing). The values of AVS in the 
NTNU/SINTEF database for 2621 recorded values are ranging from 0.0 (limestone) to 68.5 
(quartzite). The classification of rock abrasion on cutter steel is given in Table 2.4. 
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Figure 3.5. Outline of the Abrasion Value Cutter Steel (AVS) test [18]. 
3.1.2. Soft Ground TBMs 
The boring process in soft ground is similar to that in hard rock with regard to thrusting and 
rotation. Soft ground is often encountered when infrastructure tunnels are made under urban 
areas. It is important to be able to execute the tunnel boring in a safe, efficient and 
economical way, despite unforeseen alteration in the ground conditions. Usually, the simplest 
way is to treat the ground in such a way that the conditions become manageable for the 
TBM. This can be done by injecting a conditioning additive in form of foam at the front of the 
TBM. However, depending on the geology of the soil, soft ground TBMs may also be 
equipped with disc cutters similar to those for hard rock [10]. When these disc cutters 
encounter areas of rocks, they can also experience loading peaks giving a hammering effect. 
Figure 3.6 shows a soft ground TBM machine. 
 
Figure 3.6. A soft ground TBM machine by The Robbins company [19]. 
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3.1.2.1. Soil characteristics 
The reason why it is important to characterize the soil is the same as described for 
characterization of rocks. There are some test methods to describe the characteristics of 
soils. Typical tests are Vickers Hardness Number (VHN), Moh’s hardness, quartz content 
and abrasive mineral content (AMC) [20]. These two tests measure the abrasion of soils 
induced by the steel and not the other way around. In addition there are some soil abrasivity 
tests like the Nordic Ball Mill test [21]. More recently, a new abrasion test for soils has been 
introduced by NTNU called the “Soil Ground Abrasion Test” (SGAT) (Figure 3.7). This test is 
based on the AVS test for rocks (Figure 3.5), but with the difference of using sieved soil (<4 
mm) and hyperbaric pressures for introducing water and/or conditioning additives in the soil 
[20]. 
 
Figure 3.7. The Soil Ground Abrasion Test (SGAT) machine [22]. 
3.2. Tribology 
3.2.1. Wear mechanisms relevant for TBM 
The most common wear mechanism found in TBMs cutter rings is abrasive wear. Abrasive 
wear occurs on the surface of a component due to relative motion to an adjacent surface with 
harder asperities or hard particles trapped at the interface [23]. The two modes of abrasive 
wear are referred to as two-body and three-body abrasive wear, as shown in Figure 3.8 [5]. 
The two-body abrasive wear occurs when the harder asperities or firmly held grits act like a 
cutting tool (Figure 3.8a). Three-body abrasive wear occurs when particles are free to roll 
!
TRIBOCORROSION CHALLENGES IN TUNNEL BORING MACHINERY (TBM) 23 
 
and slide over the surfaces of both components (Figure 3.8b). The three-body abrasive wear 
rate is ten times lower than two-body wear rate, this is because three-body wear have to 
compete with other wear mechanisms in addition to the lowest availability and highest 
mobility of abrasive particles in the contact. Both these two modes of abrasive wear can 
occur during tunnel boring. Three-body wear can occur due to chipped hard rock particles 
present between the rock and steel surfaces. In addition, an increase in the temperature can 
cause two-body wear. The effect of temperature can be divided into two groups: influenced 
by the temperature of the surroundings and induced by plastic deformation. For this work the 
latter case is most relevant, because the temperature of the surroundings is not high enough 
to affect the steel properties. While there are sufficient plastic deformations present to obtain 
the temperature needed to soften the steel. The plastic deformations causing increased 
temperature are often induced by high speeds [5]. However, evidence of localised melting 
has been found in wear tests at sliding speeds as low as 1 ms-1 [23]. When the temperature 
increases because of plastic deformation due to three-body wear, the contact period would 
be relatively short. This causes only the deformed material to soften, leaving the grits 
hardness unaltered [5]. Consequently, rock particles that are stuck will not be removed, but 
rather cause two-body wear increasing the wear on the steel surface.  
 
 
 
(a) (b) 
Figure 3.8. (a) Two-body abrasion mode and (b) three-body abrasion mode [5]. 
However, there are other types of wear mechanisms recognized in tribology that can also 
occur in tunnel boring machines because of the different types of situations they are exposed 
to [4]. These are cutting, fracture and fatigue due to abrasion. These mechanisms are 
considered to occur during tunnel boring due to the combined action of hard particles, high 
forces and numbers of wear cycles the disc cutters are exposed to. It is important to 
remember that normally there is not one single mechanism responsible for wear, but a 
combination of several [5]. 
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3.2.1.1. Cutting/Ploughing 
When the harder surface asperities are pressed into the softer material in combination with 
tangential motion, the result is cutting/ploughing removing the softer material [4]. The 
material underneath the surface exposed to abrasion is plastically deformed. This subsurface 
deformation causes the occurrence of strain hardening, which may reduce the abrasive 
wear. This might be the reason for the mushrooming mechanism as described in section 1. A 
schematic of the cutting/ploughing is shown in Figure 3.9 [5]. 
 
Figure 3.9. Subsurface deformation by ploughing [5]. 
3.2.1.2. Fracture 
This mechanism is caused by the surface traction exerted by the harder asperities, causing 
plastic shear deformation of the softer material. As the loading is repeated, deformation 
builds up. Eventually cracks are formed in the vicinity of already existing voids or inclusions. 
Once a crack is formed, additional loading causes its propagation. Consequently, the cracks 
reach the surface, causing chips to break off [23]. This is shown in Figure 3.10. 
 
Figure 3.10. Crack formation due to fatigue wear [5]. 
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3.2.2. Tribocorrosion 
An important topic in tribology is the interaction between mechanical damage and chemical 
degradation encountered in systems exposed to aqueous or aggressive, high-temperature, 
environments [5, 24]. In recent years, issues surrounding the effects of mechanical 
processes on the chemical degradation of materials, and the effects of chemical action on a 
material’s mechanical response, have developed into interesting topics in tribology. This has 
led to the expansion of a new research area in the field of tribology called tribocorrosion. 
Tribocorrosion uses tribology, corrosion science, and engineering approaches to investigate 
the degradation of materials by this mechanism. Materials properties, surface 
transformations and electrochemical reactions constitute the primary focus in tribocorrosion 
studies, in which a combination of mechanical and chemical parameters interaction results in 
unusual responses by the materials involved. In the last twenty years, tribocorrosion 
research has been shown to be highly relevant in the case of passive metals such as 
stainless steels. However, the response of active metals, such as the steels used in 
excavation tools, is a field, which demands more detailed investigation [24]. 
The tribocorrosion interaction can be expressed in simple terms using the following equation 
(1), previously proposed in the early 1980s to quantify abrasion-corrosion processes 
involving mining equipment [24, 25]. 
T = W + C + S         (eq.1) 
Where T is the total wear arising from the two contributions, W is the wear in the absence of 
corrosive media, C is material loss in the absence of mechanical wear (abrasion) and S is 
the synergistic term. All these parameters can be determined from tests, although the S term 
must be estimated by isolating it using equation 1. The synergistic term can be further split 
into two contributions using to the following equation: 
S = Wc + Cw         (eq. 2) 
where Wc is the change in wear rate due to corrosion (corrosion-accelerated wear), and Cw 
is the change in corrosion rate due to wear (wear-accelerated corrosion). Normally, the Cw 
term makes the greater contribution to the tribocorrosion interaction, especially in stainless 
steels [24]. The approaches used to determine Cw and Wc are rather complex and have 
some limitations. Other tribocorrosion models are also available that might be considered as 
a means of quantifying wear-accelerated corrosion in a tribocorrosion system [24]. However, 
an exact quantification of tribocorrosion is beyond the scope of this paper, and no further 
discussion of these mechanisms will be presented in this project. 
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3.3. Corrosion  
Because the steel to be investigated in this project is an active metal in water at neutral and 
acid pHs (it corrodes continuously in the presence of an electrolyte), the corrosion 
mechanism to be prevailing is uniform corrosion and eventually pitting. Uniform corrosion 
causes the whole surface to corrode with an approximately equal rate. Uniform corrosion is 
normally not considered as a dangerous corrosion type because it is easy to predict the 
thickness reduction rate and available protection methods (i.e. cathodic protection) manage 
to reduce the corrosion rate to an acceptable level [26]. However, the use of corrosion 
protection methods is not common in the tunnel boring industry. Therefore uniform corrosion 
can contribute to the total wear rate of the disc cutters. 
Corrosion occurs when a metal is exposed to an electrolytically conducting liquid (an 
electrolyte) and the electrical circuit is closed by ion conduction through the electrolyte. The 
corrosion process consists of an anodic and a cathodic reaction [26]. In the anodic areas of 
steel the following reaction takes place: !" → !"!! + 2!! 
When iron (Fe) corrodes, the rate is usually controlled by the cathodic reaction, which, in 
general, is much slower [27]. In deaerated water, the dominant cathodic reaction is: 
!! + 1!! → 1 2!! 
However, the dominant cathodic reaction is different if oxygen is dissolved in the electrolyte 
according to the following reactions: 
2!! + 1 2!! + 2!! → !!! !!! → !! + !"! 
By combining these two reactions one obtains the following cathodic reaction for an 
electrolyte with dissolved oxygen: 1 2!! + !!! + 2!! → 2!"! 
Finally, combining the anodic and cathodic reactions one obtains the reaction for the overall 
corrosion process of iron (which is the main constituent of steel): 
!" + !!! + 1 2!! → !"(!")!
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Fe(OH)2 forms a layer/barrier, which through oxygen has to diffuse in order to continue the 
corrosion process. However, Fe(OH)2 is not stable and with continuous access to oxygen 
and water it oxidizes to Fe(OH)3, which is the typical red/brown rust [26, 27]. The iron 
hydroxide film decreases the corrosion rate because the diffusion rate of oxygen is also 
slower as the film gets thicker [27]. Figure 3.11 shows a sketch of the corrosion process for a 
hypothetical divalent metal M (i.e. iron). 
 
Figure 3.11. Corrosion of a divalent metal M in an electrolyte containing oxygen [28]. 
3.3.1. Effect of dissolved NaCl 
The effect of NaCl concentration on corrosion of iron in air-saturated water at room 
temperature is shown in Figure 3.12. The corrosion rate first increases with salt (NaCl) 
content and then decreases, reaching a corrosion rate at NaCl-saturation (26% NaCl) that is 
lower than for distilled water. The corrosion rate is controlled by the cathodic reaction 
throughout the NaCl concentration range, this is the reason why the corrosion rate reaches a 
maximum at about 3 wt.% NaCl. An increase in the concentration of NaCl results in a 
decrease of the solubility of oxygen, explaining the lower corrosion rates at the higher NaCl 
concentrations.  
The initial rise in corrosion rate can be related to a change in the protective nature of the 
diffusion-barrier rust film that forms on corroding iron. Because of the distilled water’s low 
conductivity, anodes and cathodes must be located relatively near to each other. This causes 
the formation of OH- ions at the cathode sites in accordance to the cathodic reaction. They 
are always in the proximity of Fe2+ ions forming at nearby anodes, resulting in a film of 
Fe(OH)2 adjacent and adherent to the metal surface. This film provides an effective diffusion-
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barrier film. However, NaCl solutions have a greater conductivity, thus, additional anodes 
and cathodes can operate much further apart from each other. At such cathodes, OH- does 
not react immediately with Fe2+ formed at the anodes. Instead, they diffuse into the solution, 
reacting to form Fe(OH)2 away from the surface. Because of this a protective barrier layer 
does not form at the metal surface. Consequently, more dissolved oxygen can reach at the 
cathodic areas. Above 3 wt.% NaCl the decrease in dissolved oxygen becomes more 
important than the change in diffusion-barrier layer. Consequently, the corrosion rate 
decreases [27]. 
 
Figure 3.12. Effect of NaCl concentration on corrosion of iron in aerated solutions, room 
temperature [27]. 
3.3.2. Pourbaix diagrams 
pH is an important parameter that affects the equilibrium potential for several of the 
equilibrium reactions occurring in an electrolyte. Based on this, Marcel Pourbaix created a 
pH-potential diagram, also known as a Pourbaix diagrams. A Pourbaix diagram is a graphical 
representation of Nernst’s equation for chemical reactions. The Nernst equation is an 
equation that relates the reduction potential of a half-cell at any point in time to the standard 
electrode potential (E0), temperature (T), activity (a), and reaction quotient of the underlying 
reactions and species used as shown below: 
! = !! + !"!" !" !!"!!"# 
The Pourbaix diagrams for iron in water and 3.5 wt. % NaCl at 25 °C are shown in Figure 
3.13 [16]. The letters a-f represent the following chemical reactions taking place at different 
electrode potentials (as defined by the Nernst equation) and pHs: 
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a) !"!! + 2! = !"!      
b) !"!!! + 8!! + 8!! = 3!" + 4!!!   
c) !"!!! + 8!! + 2!! = 3!"!! + 4!!!   
d) !"!!! + 6!! + 2!! = 2!"!! + 3!!!   
e) !! + 4!! + 4!! = 2!!!     
f) 2!! + 2!! = !!      
 
(a) 
 
(b) 
Figure 3.13. Pourbaix diagram for iron in (a) water and (b) 3.5 wt.% NaCl at 25° C [26, 29]. 
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From reaction a) it is seen that the equilibrium potential increases with increased iron ion 
concentration. If the potential is increased to a value above the ion activity (10-6), the system 
will try to restore the equilibrium. This can only happen by an increase of Fe2+, i.e. corrosion. 
Corrosion occurs when the potential is above the lines b),c) and d). Above these lines the 
oxides produced create a diffusion barrier, making the surface passive. This means the 
underlying metal (Fe) is protected against further corrosion. When the potential is below the 
lines a) and b), the metal state Fe is stable. Consequently, the metal is immune to corrosion 
in this area [26]. 
3.3.3. Polarization 
During polarization the potential for the electrode reactions (cathodic and anodic) are shifted 
from equilibrium due to a net current flow through the interface between the metal that is 
being polarized and the liquid in contact. A way to measure the polarization is over potential, 
which is the difference between the real potential and the equilibrium potential. When 
corrosion occurs on a surface, the real potential has to be between the equilibrium potentials 
for the anodic and cathodic reactions (Figure 3.14). 
 
 
Figure 3.14. Equilibrium potentials, real potential and overvoltage [26]. 
 
By polarizing a metal in an electrolyte, it is possible to determine its corrosion rate. This can 
be done with a potentiostat (Figure 3.15). A potentiostat is an apparatus that holds a set 
electrode potential over the working electrode-reference electrode cell, and delivers the 
current demanded to keep it [26]. 
TRIBOCORROSION CHALLENGES IN TUNNEL BORING MACHINERY (TBM) 31 
 
 
Figure 3.15. Sketch for potentiostatic experiments. 
It is assumed that only two reactions can occur on the working electrode, in accordance with 
the over potential curves and corrosion potential (Ecorr) shown in Figure 3.14. When E = Ecorr, 
no current is feed from the potentiostat to the working electrode. However, if the potentiostat 
is set to an arbitrary potential (E1) a current (Iy1) will be delivered. The current delivered is the 
difference between anodic and cathodic reaction current at this potential. When plotting the 
logarithm of the delivered current as a function of the potential, we obtain a polarization curve 
as the one shown in Figure 3.16. 
 
Figure 3.16. Overvoltage curves and corresponding polarization curves [26]. 
32   
 
3.4. Steel 
The steel cutters used in TBMs are exposed to high forces and abrasive surfaces. Because 
of this the steel has to be able to withstand tough working conditions, which makes high 
strength a requirement. However, it is important to consider that strengthening of steel 
usually comes with the cost of higher brittleness, which is not ideal when used for tunnel 
boring.  
Steel is a hard, strong, durable, and malleable alloy of iron and carbon. Iron is generally 
classified as steel if it has a carbon content of between 0.2 and 1.5 wt.%. Adding alloying 
elements to steel is often done in order to obtain the desired mechanical properties. They are 
added to steel to [30]: 
a) Provide solid-solution strengthening of ferrite. 
b) Cause the precipitation of allow carbides rather than that of Fe3C. 
c) Improve corrosion resistance and other special characteristics of steel. 
d) To improve hardenability. 
The mechanical properties of steel vary greatly with the alloying content and the thermo-
mechanical process applied to produce the final product. The carbon content introduces 
already significant effect on the mechanical properties due to the positioning of the carbon on 
the iron lattice. However different alloying elements will have different effects on the steel 
properties. Some common alloys and their effect on the steel properties are listed below [30]:  
• Carbon: 
o Primary hardening element in steel. 
o Hardness and tensile strength increases as carbon content increases 
up to about 0.85% C. 
o Ductility and weldability decreases with increasing carbon. 
• Manganese:  
o Beneficial to surface quality, especially in resulfurized steels. 
o Contributes to strength and hardness, but less than carbon. 
o Ductility and weldability decreases with increasing manganese, but 
less than carbon. 
o Significant effect on hardenability. 
• Phosphorus: 
o Increase strength and hardness. 
o Decrease ductility and notch impact toughness. 
• Silicon: 
o Improves strength, elasticity and acid resistance. 
o Detrimental to surface quality in low carbon steels. 
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• Nickel: 
o Ferrite strengthener – Remains in solution in ferrite, strengthening and 
toughening the ferrite phase. 
o Does not form carbides in steel. 
o Increases hardenability and impact strength.  
• Chromium: 
o Increase corrosion and oxidation resistance. 
o Increase hardenability and wear resistance. 
o Improve high temperature strength.  
o Used as hardening element with a toughening element such as nickel 
to produce superior mechanical properties. 
• Molybdenum: 
o Increases hardenability. 
o Enhances creep strength of low-allow steels at elevated 
temperatures. 
The disc cutters used in TBMs are made of martensitic tool steel. The term tool steel 
indicates a high carbon content, leading to easy martensite formation. These types of alloys 
are typically used in cold and hot working tools. Alloy elements and heat treatments are 
typically company secrets therefore in the present work a tool steel known as H13 will be 
used.  
To form martensite it is necessary to perform a heat treatment consisting of a non-diffusion 
process, i.e. no diffusion of atoms will occur in the austenite crystal lattice leaving the 
material with a supersaturation of carbon occupying interstitial positions of the atomic lattice. 
These extra atoms will push the lattice apart, giving martensite a body-centered tetragonal 
cell structure. This is typically an athermal transformation, requiring continuous cooling 
(quenching).  
Heat treatments are vital for achieving optimal physical properties. If a hard martensitic steel 
is tempered (i.e. heated to a certain temperature after quenching) structural changes will 
occur in the steel, which effectively changes its properties. The tempering temperature is vital 
for strength and toughness and it can typically be between 250 and 650 oC. Higher 
temperature increases the toughness, but will decrease the strength, and vice versa. At 100 
oC carbon starts already to diffuse from the interstitial positions and relaxation of the lattice 
strain of the martensite will occur. This causes an increase in ductility and a decrease in 
strength. It is important to consider these aspects when choosing a steel for a certain 
purpose. To obtain optimal properties of the steel both alloying elements and the subsequent 
treatment, either mechanical or tempering, should be carefully considered [30].       
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The steel used in this work is described as H13 modified steel. The cutter discs used in 
TBMs are closed die forged, rough machined, heat treated, and then finish machined. The 
typical alloying elements and composition in H13 steels are:  
• Carbon 0.43 – 0.46 wt.% 
• Manganese 0.20 – 0.50 wt.% 
• Silicon  0.80 – 1.20 wt.% 
• Chromium 5.00 – 5.50 wt.% 
• Vanadium 0.08 – 1.20 wt.% 
• Molybdenum 1.20 – 1.75 wt.% 
• Sulphur max 0.015 wt.% 
• Phosphorus max 0.015 wt.% 
• Iron  balance 
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4. Materials and experimental set-up 
4.1. Materials 
4.1.1. Electrolyte solutions 
In this work, different electrolyte solutions were used to perform the corrosion and 
tribocorrosion tests. Distilled water and water obtained from field sites. In addition, 
conditioning additives were used in some experiments to evaluate their influence on the 
abrasion of the steel. 
To determine the amount of chloride in the water samples obtained from the field, a titration 
method was carried out. The test setup is shown in Figure 4.1. 
 
Figure 4.1. Titration setup consisting of (from bottom to top) stirrer, Erlenmeyer and burette.  
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The titration method determines the amount of chloride ions by adding a AgNO3 (silver 
nitrate) solution. The AgNO3 solution is slowly added to the samples, forming a white silver 
chloride precipitate (Figure 4.2) according to the following reaction: !"(!")! + !"(!")! → !"#$(!) 
To determine when all the chloride ions have reacted with silver chloride, a K2CrO4 
(potassium chromate) solution was added to the solution. This caused any excess of AgNO3 
added to react with the K2CrO4, forming a red Ag2CrO4 (silver chromate) precipitate (Figure 
4.3) according to the following reaction: 2!"(!")! + !"#!!(!")!! → !"!!"#!!(!) 
In order to make sure that all the chloride reacted, the solution was stirred by using a 
magnet. The concentration of chloride was calculated by using the following equations: 
! = !! !!!!!!!"#!!!!! ! = !!  
Where MW is the molar weight, m is the weight, n is the number of moles, C is the 
concentration and V is the volume. 
 
Figure 4.2. Solution with white AgCl 
precipitate. 
 
Figure 4.3. Solution with red Ag2CrO4 
precipitate. 
The conditioning additives used for performing the tribocorrosion and corrosion tests were all 
supplied by BASF. These additives are specially designed for hard rock tunnelling and for 
soft ground tunnelling. They are used to aid the tunnelling process and some of their 
characteristics are summarized in Table 4.1. 
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Table 4.1. Conditioning additives used for the tribocorrosion and corrosion tests. 
Manufacturer 
reference 
Type of 
TBM Features 
Density 
[kg/l]* 
Dynamic 
viscosity at 
20 oC  
[10-3 Pa s]* 
pH at 
20 oC* 
ABR5 Hard rock 
Reduction of abrasive wear 
for cutting tools, effective 
reduction of dust formation, 
improved cooling of the 
cutter head. 
1.02-1.04 29 7.5-8.5 
SLF41 Soft ground 
Reduced permeability and 
increased sealing of the 
face, creation of plastic 
deformation properties in 
the soil, lower inner friction 
and lower abrasiveness of 
the soil at the cutter head as 
well as at the screw 
conveyor. 
1.03-1.04 46 
6.5-7.5 
and total 
solubility 
in water 
*according to manufacturer data sheet. 
4.1.2. Steel  
The steel used in this work has been obtained from real cutter discs. This steel gets the 
reference name H13 and it is a martensitic carbon steel. 
In order to characterize the properties of the steel, a sample was polished and etched to take 
a picture of the microstructure in an optical microscope, the hardness was measured and 
chemical analysis by a portable XRF (X-ray Fluorescence) unit were conducted to find the 
composition. The hardness measurements and the XRF analysis were done by a STRUERS 
Duramin-A2500 and a Niton XL3t XRF Analyser, respectively. The hardness value was 
based on measurements from six different areas of the cutter cross-section (Figure 4.4). At 
each area four measurements were made with a 3 mm distance between each other, except 
for area 1, where the distance was 1.5 mm. 
 
Figure 4.4. Cross-section of cutter tool with the hardness measurement areas. 
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4.1.3. Rock and Soil  
Rock and soil from real tunnelling projects were collected from the field. The rock tunnelling 
project was carried out in Faroe Islands in 2010 and the soil tunnelling project was carried 
out in Israel in 2011. In addition, a reference soil was used in some experiments to have a 
control sample. The reference sand was a highly abrasive sand used in casting processes. 
This material has a well known geology and mineralogy. 
In order to characterize the rocks and the soils XRD (X-Ray Diffraction) and SEM (Scanning 
Electron Microscopy) were used. Both the rocks and the soils mineralogy were determined 
by XRD. The XRD plots and the SEM pictures were performed on a Bruker D8 ADVANCE 
DIFFRACplus SEARCH and a Hitachi S-3400N, respectively.  
4.2. Test procedures 
4.2.1. Polarization curves 
To evaluate the electrochemical properties of the steel polarization curves in the different 
solutions (site water, conditioning additives and site water with conditioning additives) were 
performed. A potentiostat AUTOLAB 302N was used for this purpose. The polarization 
curves were obtained in the potential range from -1.2 to +0.2 V and with a speed of 5 
mV/min, both in the anodic and cathodic directions. Figure 4.5 shows the experimental setup 
of the electrochemical cell, which consisted of a three electrode cell.  
 
Figure 4.5. The electrochemical cell setup. Where RE is the reference electrode (Ag/AgCl, 
sat KCl), CE is the counter electrode (Pt-wire) and WE is the working electrode (steel 
sample). 
 
Figure 3.5. The electrochemical cell setup. Where RE is the reference electrode (Ag/AgCl, 
sat KCl), CE is the counter electrode (Pt-wire) and WE is the working electrode (steel 
sample). 
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4.2.2. Tribological test in rock: reciprocating ball-on-plate tests  
The tribocorrosion tests were also performed in the same electrolytes as the corrosion tests. 
In addition, tribological tests in dry conditions were performed for comparison. The test rig 
used to determine the tribocorrosion (abrasion-corrosion) performance of the cutter steel 
against the rocks was a reciprocating ball-on-plate equipment by ResMat Tribocorr (Figure 
4.6a). The tests were performed by rubbing a steel ball back and forth with a stroke length of 
10 mm during 3600 s, a normal load of 5 N and a sliding speed of 1 Hz, corresponding to a 
linear sliding speed of 72 m/s (Figure 4.6b).  
 
(a) 
 
(b) 
Figure 4.6. (a) Image of the tribocorrosion test rig. (b) Sketch of the ball-on-plate 
configuration. 
The test samples were rocks obtained from a tunnel boring site at the Faroe Islands and the 
counterpart material was a steel ball of 6 mm in diameter made of the cutter disc material. 
The samples were exposed to the testing conditions summarized in Table 4.2.  
Table 4.2. Summary of reciprocating ball-on-plate conditions. 
Rock Dry  Only water 
50 vol.% site 
water +  
50 vol. % 
ABR5 
50 vol.% site 
water +  
50 vol.% 
SLF41 
97 vol.% 
distilled 
water + 3 
vol.% ABR5 
97 vol.% 
distilled 
water + 3 
vol.% SLF41 
Faroe 
Islands  ✔ ✔ (site water) ✔ ✔ ✔ ✗ 
During each test the friction coefficient between the substrate and the steel ball was 
measured. The balls were cleaned in alcohol in an ultrasonic bath before taking them for 
post-mortem investigation in the SEM, where the wear present on the cutter balls and rock 
specimens were examined. In order to be able to see the rocks in the SEM, they were 
sputtered with carbon. The SEM pictures were taken on a Hitachi S-3400N.  
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The solutions in which the tests were performed were analysed by ICP-MS (Inductively 
Coupled Plasma Mass Spectrometry – Finnigan ELEMENT 2) to determine the iron (Fe), 
copper (Cu), nickel (Ni) and chromium (Cr) content. ICP-MS is a form of mass spectrometry 
analysis capable of detecting both metals and non-metals at very low concentrations (up to 1 
part per trillion). Ions are generated by plasma ionisation, and a mass spectrometer is then 
used to separate the ions and determine their concentrations. The aim was to correlate the 
metal ions concentration in solution with the amount of corrosion generated during the test 
due to the tribocorrosion action. 
4.2.3. Tribological test in soil: rubber wheel 
To test the abrasivity of the soils, a rubber wheel test rig was used (Figure 4.7). The tests 
were performed by applying a force of 220 N between the rotating rubber wheel and the steel 
specimen. The rubber wheel has a durometer hardness of 70 (measured according to scale 
A with the Shore durometer method ASTM D2240) and rotates at about 200 revolutions per 
minute (rpm). The rubber wheel diameter is 17.78 cm, consequently, a rotating speed of 200 
rpm is equivalent to about 2 m/s, which is within the range of what a cutter disc may be 
exposed to during boring. 
 
 
 
(a) (b) 
Figure 4.7. (a) Picture of the rubber wheel test setup used and (b) sketch of the test. 
Different solutions were tested: 
• Reference sand and water from the field sites (Israel and Faroe). 
• Reference sand and water from the field site + conditioning additives ABR5 and 
SLF41. 
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Each test lasted for a total of 60 minutes and the samples were cleaned in alcohol and in an 
ultrasonic bath and weighted every 10 minutes during the test. The weighting of the samples 
were conducted on a METTLER AT400 weight capable to measure weight differences of 0.1 
mg. After the tests were performed, the wear topography on the sample surfaces was 
examined in a SEM (Hitachi S-3400N). In addition, the solutions in which the tests were 
performed were analysed by ICP-MS (Finnigan ELEMENT 2) to determine the Fe, Cu, Ni 
and Cr content. 
All the steel samples were ground and mirror polished with diamond suspension before 
starting the tests. 
4.2.4. Tribological test in soil: Hyperbaric Soil Ground Abrasion Test 
(SGAT) 
The Hyperbaric Soil Ground Abrasion Test (SGAT) is a new method under evaluation at 
NTNU/SINTEF that simulates wear occurring during tunnel boring in soil. The test is 
performed by rotating two square steel rods perpendicular to each other in a container with a 
mixture of soil and water, or soil only. The SGAT has the possibility to control relevant 
tunnelling parameters such pressure, moisture, compaction, torque, thrust or advance rate, 
in addition to incorporate additives/foams to the test.  
The apparatus consists of a vertical axle that can rotate and advance in vertical way, with a 
specific rotating speed, torque, thrust and penetration rate. Figure 3.7 in the previous section 
shows a picture of the test setup.  
Two conditions were tested: 
• Soil from Israel saturated with water from Israel site. 
• Dry soil from Israel site. 
Each test had a duration of 35-38 minutes and having a total boring length of 400 mm. 
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5. Results 
5.1. Chloride content 
As shown in section 4.1.1 to determine the amount of chloride in the solutions from the field 
sites, a titration method was performed. The number of moles (n) of Ag needed to react with 
the chloride (Cl) present were calculated in accordance to the equation below. Note that the 
reaction is 1 to 1. ! = ! ∙ ! 
where C is the concentration of AgNO3 in mol/l and V is the volume of AgNO3 in litres (l). 
To determine how many grams (g) of chloride are necessary to react with the moles of Ag 
the equation below will be used: ! = !" ∙ ! 
Where Mw is the molar mass of Cl in g/mol, n is the number of moles of Ag (or Cl) and m is 
the mass of Cl in g. 
To know the amount of chloride in the original test solution in weight % (wt.%). The volume of 
the test solution was 100 ml, which is approximately 100 g. Consequently, the equation for 
calculating the weight per cent of chloride in the solution will be as shown below. Table 5.1 
shows the results of the titration tests. 
!".% = !!"100! ∙ 100% 
Table 5.1. Test results after titration of water samples taken from the field sites. 
 
Measurement 1 Measurement 2 Measurement 3 Average 
Faroe Islands 
Volume AgNO3 [mL] 3 5 6  
n(Cl) [mmoles] 0.45 0.75 0.9  
m(Cl)[g] 0.016 0.027 0.032  
wt.% Cl 0.02 0.03 0.03 0.02 wt.% 
 Israel 
Volume AgNO3 [mL] 27.1 26.8 27  
n(Cl) [mmoles] 40.65 40.2 40.5  
m(Cl)[g] 1.441 1.425 1.436  
wt.% Cl 1.44 1.43 1.44 1.44 wt.% 
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5.2. Steel characterization 
The optical microscope picture in Figure 5.1 shows the microstructure of the steel used in 
this project. It shows a martensitic steel structure with some small areas of retained austenite 
structure. The hardness tests showed that the hardness of the steel was an average of 662 ± 
25 HVN.  
The XRF-analysis showed that the composition of the alloying elements in the steel ball was 
as shown in Table 5.2 below. The results show that the composition of the steel measured 
by XRF is very close to the theoretical one as described in section 3.3. 
 
Figure 5.1. Optical image of the microstructure of the steel. 
Table 5.2. Chemical composition in wt.% of the H13 steel obtained by XRF. 
Measurement C Fe Cr Mo Si V  Mn Ni Cu 
1 0.526 90.871 4.806  1.341  1.034  0.904  0.286  0.120  0.112  
2 0.540 90.645  5.027  1.350  0.982  0.931  0.295  0.115  0.115  
3 0.628 90.810 4.765 1.358 0.989 0.914 0.298 0.120 0.115 
Average 0.564 90.775 4.866 1.349 1.001 0.916 0.293 0.118 0.114 
5.3. Rock and Soil characterization 
5.3.1. Rocks 
The results from the XRD analysis of the rocks from Faroe Islands showed that the main 
mineral present was feldspar (Table 5.3).  
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Table 5.3. Mineralogy of the two rocks tested in this project. 
Mineral group Mineral 
Faroe Islands 
[wt.%] 
Feldspar Plagioclase 79 K-feldspar 4 
Pyroxene Clinopyroxene 12 
Quartz Quartz 3 
Spinel Magnetite 2 
Total 100 
5.3.2. Soil 
The results from the XRD analysis of the soil from Israel and the reference soil showed that 
the main mineral present was quartz in both cases (Table 5.4). 
Table 5.4. Mineralogy of the two soils tested in this project. 
Mineral group Mineral 
Israel Reference 
[wt.%] [wt.%] 
Quartz Quartz 72 73 
Calcite Calcite 10 - 
Feldspar Plagioclase 10 - K-feldspar 6 - 
Amphibole Actinolite 2 - 
Muscovite Muscovite - 2 
Albite Albite - 12 
Magnesia Magnesia - 1 
Microline Microline - 12 
Total 100 100 
5.4. Corrosion: polarization curves 
Figures 5.2 and 5.3 show the polarization curves performed on the steel with the two 
conditioning additives and in the different water samples collected in field with a 3 vol.% 
concentration of the two conditioning additives. The conditioning additive concentration was 
chosen according to the procedure use in field. At least two repetitions of each test were 
performed showing good repeatability however only one result is shown in the figures for the 
sake of clarity.  
In the figures three potential domains can be distinguished. The cathodic domain comprises 
the potential range from -1.2 V up to the corrosion potential (Ecorr) where the current is 
determined by the reduction of water and, partially, of dissolved oxygen. The second 
potential domain is characterised by the transition from cathodic to anodic current at the 
Ecorr. The third domain corresponds to the anodic range, from the Ecorr up to +0.2 V. In the 
anodic domain the steel in ABR5 shows a passive plateau except when mixed in the water 
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from Israel. The steel in SLF41 does not passivate and it actively corrodes in all media and in 
addition shifted the corrosion potential to more anodic values. 
!
Figure 5.2. Polarization curves of the steel tested with conditioning additive ABR5 alone and 
in the two waters from the field. 
 
Figure 5.3. Polarization curves of the steel tested with conditioning additive SLF41 alone and 
in the two waters from the field. 
Ecorr Ecorr 
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5.5. Tribological tests in rock: reciprocating ball-on-plate 
5.5.1. Friction evolution with time 
In order to set up the basis for understanding the performance in the different liquid media, 
tests in standard conditions were performed (i.e. dry, only water and only conditioning 
additive ABR5). Figures 5.4 to 5.6 show the evolution of coefficient of friction (COF) with 
time during the reciprocal ball-on-plate tests. Table 5.5 shows the average COF and the 
average weight loss of the steel balls after testing. 
The highest COF was obtained in the dry conditions and the lowest in the conditioning 
additive, which was added with no water into the test chamber. The friction obtained is in the 
range of fully lubricated regime (hydrodynamic). The test in water shows an intermediate 
friction showing the poor ability of water to lubricate this contact. The tests were very 
repeatable as shown in the figures.  
Table 5.5. Average COF and weight loss for the reciprocal ball-on-plate test. 
  Dry wear Wet Wear Lubricated wear 
Average COF 0.98 ±0.10 0.70 ±0.08 0.16 ±0.04 
Average weight loss [g] 0 0 0 !
!
Figure 5.4. Coefficient of Friction evolution with time during reciprocating ball-on-plate test in 
dry conditions. Two repetitions of the same test are shown. 
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Figure 5.5. Coefficient of Friction evolution with time during reciprocating ball-on-plate test in 
field water (Faroe). Two repetitions of the same test are shown. 
 
Figure 5.6. Coefficient of Friction evolution with time during reciprocating ball-on-plate test in 
conditioning additive (ABR5). Two repetitions of the same test are shown. 
Tests in the presence of water from Israel site were performed to evaluate the effect of 
chloride in the friction and wear performance. Figure 5.7 shows the results where it can be 
seen that little effect of chlorides are found in friction.  
In order to evaluate the effectiveness of the conditioning additives in the presence of 
chlorides, tests of 3 vol.% additives in distilled water and Israel water were also performed. 
Figure 5.8 shows that the chloride increased the friction in any of the additives however this 
effect was more pronounced in ABR5 than in SLF41. 
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Figure 5.7. Coefficient of Friction evolution with time during reciprocating ball-on-plate test in 
dry, distilled water and Israel water.  
 
Figure 5.8. Coefficient of Friction evolution with time during reciprocating ball-on-plate test in 
3 vol.% conditioning additives (ABR5 and SLF41) in distilled water and Israel water.  
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5.5.2. Wear morphology 
The wear morphology of the balls and rocks used in standard conditions (i.e. dry, only water 
and only conditioning additive) was evaluated by means of SEM. Figure 5.9 shows that the 
least wear happened during testing in ABR5. Severe wear is observed after testing in dry 
and water conditions in both the steel and the rock surfaces. 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 5.9. SEM wear tracks morphology of the steel balls and rocks in dry (a, b), distilled 
water (c, d) and ABR5 (e, f).  
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When the tests were performed in the presence of chloride, wear was observed along with 
pitting and corrosion products (Figures 5.10a, c and e). The tests performed in ABR5 
produced the least wear (Figures 5.10b and c). 
  
(a) (b) 
  
(c) (d) 
 
 
(e)  
Figure 5.10. Wear topography of steel balls after completion of sliding tests in (a) Israel 
water, (b) 3 vol.% ABR5 in distilled water, (c) 3 vol.% ABR5 in Israel water, (d) 3 vol.% 
SLF41 in distilled water, (e) 3 vol.% SLF41 in Israel water. 
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5.5.3. Chemical analysis of the electrolytes (ICP-MS) 
The presence of seawater and additive type can have a major influence on the corrosion of 
cutter steel. In order to quantify steel corrosion in different environments, ICP-MS tests were 
carried out on the liquid media after testing. These tests measure the quantity of metal ions 
released to the media during testing and indicate the degree of wear-corrosion interaction 
(tribocorrosion). Table 5.6 shows the results of the ICP-MS tests. A clear increase in Fe and 
Cr content is observed in the presence of chlorides. The SLF41 conditioning additive has a 
stronger effect on increasing the metal ion release than ABR5. 
Table 5.6. Metal ion content of the liquid media after ball-on-plate tests. 
 Fe [µg/mL] Cr [µg/mL] Ni [µg/mL] Cu [µg/mL] 
Distilled water 0.067 0.003 0.013 0.006 
Israel water 0.792 0.043 0.013 0.011 
3 vol.% ABR5 in 
distilled water 1.787 0.089 0.035 0.173 
3 vol.% SLF41 in 
distilled water 2.493 0.101 0.050 0.278 
3 vol.% ABR5 in 
Israel water 0.511 0.028 0.019 0.235 
3 vol.% SLF41 in 
Israel water 2.820 0.131 0.091 0.573 
5.6. Tribological tests in soil: rubber wheel 
5.6.1. Wear rate with time 
Rubber wheel tests were performed under wet conditions to simulate abrasion-corrosion 
situations in soil tunnel boring systems. Two different set of tests were performed: (1) using 
field water samples (Faroe Islands and Israel) in order to test the effect of chloride 
concentrations (corrosiveness), and (2) using field water samples containing 3 vol.% of the 
conditioning additives SLF41 (designed for soil tunnel boring) and ABR5 (designed for hard 
rock tunnel boring) in order to test the effect of the foam. 
Figure 5.11 shows the weight losses recorded after the tests were completed. Figure 5.11a 
shows that the weight loss measured in the steel using the water from Israel (i.e. higher 
content in chloride) is always higher. The effect using the water from Faroe Islands is not as 
big. In Figure 5.11c, the effect of chloride concentration on weight loss is quite pronounced. 
After a 40 minutes test, the weight loss of the steel sample using Israel water is twice the 
weight loss obtained using water from Faroe Islands. 
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(a) 
 
(b) 
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(c) 
Figure 5.11. Weight loss increase with time for the H13 steel tested using reference sand 
for: (a) the Faroe Islands and Israel water, (b) Faroe Islands water with and without 
conditioning additives, and (c) Israel water with and without conditioning additives. In (a) the 
results of two tests performed under the same test conditions are shown in order to establish 
repeatability. In (b) and (c) only one set of test results is shown for each scenario because 
the results of (a) showed good repeatability. 
5.6.2. Wear morphology 
Figure 5.12 shows the wear topography of the H13 steel after rubber wheel testing. Abrasion 
marks and some corrosion (pitting) are observed after testing using Israel water (Figures 
5.12 b, e and f). The presence of conditioning additives in both cases causes the wear rate 
to decrease and thus the abrasion marks where almost no abrasion marks are found 
(Figures 5.12c to 5.12f). However, pitting is observed on the surface of the steel after testing 
in Israel water mixed with conditioning additives (Figures 5.12e and 5.12f). The additives 
seem to succeed in decreasing wear (for which they were designed), although the media are 
clearly not optimal in terms of corrosion protection. In addition, the SLF41 additive seems to 
result in more pitting due to its lower pH. However the differences between the SLF41 and 
ABR5 additives in terms of pitting are not as great as might be expected. 
54   
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 5.12. H13 steel wear topography after rubber wheel testing: (a) Faroe Islands water 
(0.02 wt.% chloride), (b) Israel water (1.4 wt.% chloride), (c) Faroe Islands water containing 
SLF41, (d) Faroe Islands water containing ABR5, (e) Israel water containing SLF41 and (f) 
Israel water containing ABR5.  
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5.6.3. Chemical analysis of the electrolytes (ICP-MS) 
For the rubber wheel testing the use of water from Israel increased the wear rates and pitting 
marks were observed on the wear topography (see previous section). The ICP-MS tests 
confirm these observations since a greater quantity of metal ions was recorded in the liquid 
media after tests using Israel water, both with and without conditioning additives (Table 5.7). 
A metal ion concentration increase was observed in following tests using the ABR5 additive, 
as might be expected in view of the pitting corrosion observed on the steel following tests 
using this medium (Figure 5.12).  
Table 5.7. Metal ion content of the liquid media after rubber wheel tests. 
 Fe [µg/mL] Cr [µg/mL] Ni [µg/mL] Cu [µg/mL] 
Reference soil in 
Faroe Islands water  0.029 - 0.003 0.003 
Reference soil in 
Israel water 0.160 0.003 0.013 0.006 
Faroe Islands water 
& SLF41 0.710 0.011 0.008 0.027 
Faroe Islands water 
& ABR5 0.492 0.003 0.004 0.019 
Israel water & SLF41 1.594 0.011 0.020 0.093 
Israel water & ABR5 8.169 0.341 0.214 0.374 
5.6.4. Hyperbaric Soil Ground Abrasion Test (SGAT) 
After the SGAT the weight loss of the steel sample was measured and it is presented in 
Table 5.8. Figure 5.13 shows a graphical presentation of the weight loss. SEM pictures of 
the worn surfaces are shown in Figure 5.14. 
Although the slight differences in weight loss, significant differences on the wear morphology 
are found in the steel surface after testing. 
Table 5.8. Weight loss from the Hyperbaric Soil Abrasion test. 
Test 
number 
Sample 
number Weight loss [g] 
Duration 
[min] Condition 
1 
1 0.0031 
38 Field sand saturated with water from Israel 2 0.0037 
2 
1 0.0027 
35 Field sand saturated with water from Israel 2 0.0034 
3 
1 0.0034 
38 Dry field sand 
2 0.0038 
4 
1 0.0038 
38 Dry field sand 
2 0.0032 
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Figure 5.13. Graphical presentation of the weight loss form the Hyperbaric Soil Abrasion 
test. 
 
  
(a) (b) 
  
(c) (d) 
Figure 5.14. Wear morphology on the steel surface after SGAT: (a,b) field sand saturated 
with Israel water and (c,d) dry sand. 
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6. Discussion 
6.1. Water analysis 
The water sample from Israel was obtained from a tunnel being bored underneath the 
seabed and titration of the water showed that it contained 1.43±0.01 wt.% chloride. Seawater 
contains approximately 3.5 wt.% chloride. However, the water in this case has been filtered 
through the sand in the seabed, thus removing some chloride. In addition the bentonite used 
during soft ground tunnel boring also forces some chloride to be removed. Despite the fact 
that more than half the chloride normally present in seawater is gone, 1.4 wt.% is still enough 
to cause corrosion. 
When it comes to the water sample from the Faroe Islands, they were obtained from a hard 
rock tunnel. This means that the water had been filtered through rocks over large distances. 
Because of this filtering, the water contained almost no chloride at all (0.02±0.01 wt. %). 
However, despite the rock filtering and low chloride content the water had a pH value of 7.7. 
This means that there have to be some residual contamination in the water. 
6.2. Steel, rock and soil materials 
The microstructure of the steel was found to be martensitic with some small areas with 
retained austenite. This microstructure is known to have a high hardness, and this was 
confirmed by a measured hardness of 662±25 HVN. The variations in measured hardness 
did not give any distinct trend to any of the six areas being harder than the others. The 
variation may have been caused by microstructural variations, and because the method used 
was macro indentation, not micro indentation, it was not possible to determine the hardness 
of each single phase.  
The composition of the steel was determined by a portable XRF-machine being the elements 
detected all known for increasing the hardenability of the steel. In addition, some of the 
elements have other effects as well such as increased ductility (Ni), grain refining (V) and 
retaining hardness at elevated temperatures (Cr and Mo). These are all important to make 
the steel withstand the environment it is exposed to during boring. 
The XRD of the rock from the Faroe Islands showed that the main mineral present was 
feldspar (79 wt.%) and low quartz content (3 wt.%). According to the Moh’s scale of 
hardness, feldspar has a hardness of 6-6.5 and quartz a hardness of 7 indicating that the 
rock can be considered highly abrasive. 
The XRD of the sand from Israel showed a high quantity of quartz (72 wt. %), which is an 
abrasive mineral due to its hardness and brittleness.  
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6.3. Corrosiveness of the electrolytes 
The polarization curves obtained in the conditioning additives with no addition of water show 
that the ABR5 is able to passivate the surface of the steel, which is not surprising looking at 
the pH proposed by the supplier (7.5-8.5). According to the Pourbaix diagram in Figure 
3.13a this pH is enough to passivate the steel in a wide range of potentials. Therefore if the 
steel was exposed to only this environment it would be well protected against corrosion. 
When the conditioning additive ABR5 is mixed with the water from Faroe Islands, no effect 
on the corrosion performance is observed only a small shift in the transpassive potential 
which is moved towards less anodic values. On the other hand, when ABR5 is mixed with 
the water from Israel, the corrosion potential (Ecorr) shifts towards more anodic values and 
no passive domain is observed. This shows that the effect of chlorides in the corrosiveness 
of the media is very pronounced. Indeed in Figure 3.13b it can be seen how the presence of 
NaCl influences the corrosion domain, becoming larger.  
In the case of the conditioning additive SLF41 the scenario is totally different and active 
corrosion occurs in all electrolytes tested. Indeed, this is not surprising since the pH of this 
conditioning additive is lower (6.5-7) than in the previous case and according to the Pourbaix 
diagram in Figure 3.13a corrosion is to be expected at potentials above -0.6 V (vs. HSE). 
As mentioned earlier, chloride exerts a major influence on the corrosion rates of steel in air-
saturated water. Corrosion rates increase at chloride concentrations up to about 3.4 wt.% 
and then decrease to values below that observed in distilled water when concentrations 
reach about 26 wt.%. This phenomenon is due to the solubility of oxygen in water, which 
decreases with increasing chloride concentration. The initial increase in corrosion rate is 
linked to the nature of a protective hydroxide film formed on the surface of the steel. When 
chloride concentrations are well below 3.4 wt.%, conditions favour the formation of the film. 
On reaching concentrations of 3.4 wt.%, conditions favour the formation of soluble iron 
chloride (FeCl2), accompanied by the continuous dissolution of iron. For this reason, the 
chloride concentration in the water samples investigated has an important influence on the 
results of this project. 
6.4. Tribocorrosion in hard rock tunnelling  
Figures 5.4 to 5.8 show the variation in the Coefficient of Friction (CoF) during rubbing 
tested under the field and laboratory-controlled conditions. Friction was found to be very high 
for both the dry tests and those performed using only water (field and distilled) and seawater. 
Such values are typical of systems suffering from severe wear and should be expected when 
poor lubricants such as water are used. The SEM pictures of the rock surface (Figure 5.9) 
clearly show that it has been subjected to forces exceeding yield causing particles to be worn 
off and thus forming debris. It is evident that the debris has caused abrasion marks on the 
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balls. There is a large quantity of relatively short and narrow abrasion marks on the surface 
of the balls indicating that the debris particles are small. This demonstrates the closeness of 
the rock-steel ball interaction, which results in abrasive wear. It is interesting to note the 
pitting marks and corrosion products on the steel ball resulting from the corrosive effects of 
seawater (Figure 5.10). 
A drastic decrease in friction is observed when using the conditioning additive ABR5 and 
water samples containing the ABR5 additive (Figures 5.6 and 5.8). CoF values less than 0.2 
were achieved, which can be regarded as almost lying within the hydrodynamic lubrication 
regime (full separation of the interacting surfaces resulting in low wear and friction) [5]. This 
may be due to the lubricant action of the conditioning additive, which, in contrast to water, 
appears to act as an efficient lubricant. Indeed the viscosity of the lubricant plays an 
important role here because it helps to separate the ball from the rock surface and thus 
reduce friction. As showed in Table 4.1 he dynamic viscosity of the conditioning additives 
was much higher than the viscosity of water, which is typically, 1 therefore such low friction 
values should be expected. However, it is interesting to note that high friction values are 
recorded when sliding tests are performed using the conditioning additive SLF41 despite its 
high viscosity, which is actually not designed for hard rock tunnelling operations. In this case, 
values are closer to those obtained in tests performed using water or seawater only. An 
increase in friction is also observed when the ABR5 additive is mixed with seawater. These 
results show that the corrosive properties of the liquid media play a very important role in the 
friction process, since higher levels of corrosion were observed on the surface of the steel 
after tests using seawater and SLF41 (water and seawater) and ABR5 (seawater) as shown 
in Figure 5.9.  
The presence of seawater and additive type exert a major influence on the corrosion of cutter 
steel. In order to quantify steel corrosion in different environments, ICP-MS tests were carried 
out on the liquid media after testing. These tests measure the quantity of metal ions released 
to the media during testing, and indicate the degree of the tribocorrosion interaction. In Table 
5.6 the highest levels of metal ion release were observed when additives were used. 
However, the additives seemed to work more constructively in the presence of seawater, 
especially in the case of ABR5, where tests revealed both less wear and lower levels of 
metal ion release. 
6.5. Tribocorrosion in soil ground tunnelling 
For evaluating the tribocorrosion performance of the steel in soil ground tunnelling conditions, 
rubber wheel tests were performed under wet conditions. Two different types of tests were 
performed: (1) using field-derived water samples (Faroe Islands and Israel) in order to test 
the effect of chloride concentrations (corrosiveness), and (2) using field-derived water 
samples containing 3 vol.% of the conditioning additives SLF41 (designed for soil tunnel 
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boring) and ABR5 (designed for hard rock tunnel boring) in order to test the effect of the 
foam. Figure 5.11 showed the effect of the different media in the weight loss of the steel. 
The water containing more chloride (Israel) generated the larger material loss showing that a 
highly corrosive media is detrimental for the abrasion performance of the steel. 
The results of tests investigating the effect of the conditioning additives on abrasion rate 
(Figures 5.11b and 5.11c) showed that for both water samples, use of the conditioning 
additives reduced the abrasion rate of the steel. However, the effect was more pronounced in 
the case of the Israel water, for which both additives worked in a constructive way. In the 
case of the Faroe Islands water, the effect of the additives was less pronounced, although 
the additive designed for soil conditions did promote a lower abrasion rate.  
The wear topography of the steel after rubber wheel testing showed additional abrasion 
marks and some corrosion (pitting) for the test performed in Israel water (Figure 5.12). This 
is well correlated with the higher abrasion rates found. It can thus be concluded that chloride 
concentration has a negative effect on the abrasion rate of the steel and that premature 
failure of the steel should be expected under these conditions (higher abrasion rates due to 
the tribocorrosion effect). The presence of conditioning additives in both cases caused the 
wear rate to decrease, although the media containing SLF41 performed best. This should be 
anticipated because this additive is tailored for soil conditions. The decrease in the abrasion 
rate in the presence of additives may be due to the greater viscosity of the liquids (Table 
4.1). The lower abrasion rates are confirmed on examination of the SEM images (Figure 
5.12) where almost no abrasion marks were found. However, pitting was observed on the 
surface of the steel after testing in Israel water mixed with conditioning additives. This 
confirms that the additives succeed in decreasing wear (for which they were designed), 
although the media in question was clearly not optimal in terms of corrosion protection. In 
addition, the SLF41 additive seemed to result in more pitting due to its lower pH. However 
the differences between the SLF41 and ABR5 additives in terms of pitting were not as great 
as might be expected. 
The ICP-MS tests results confirmed the wear morphology observations in that a greater 
quantity of metal ions was recorded in the liquid media after tests using water from Israel, 
both with and without conditioning additives (Table 5.7). A metal ion concentration increase 
was observed in following tests using the ABR5 additive, as might be expected in view of the 
pitting corrosion observed on the steel following tests using this electrolyte. 
The SGAT tests performed in water saturated and dry conditions, showed similar weight 
losses. This shows that in this test the hardness of the steel and abrasiveness of the sand is 
more decisive for the weight loss than the corrosivity of the solution. However the wear 
morphology of the steel after testing clearly showed the presence of pits when the sand was 
saturated with water from Israel (Figure 5.14). Therefore the corrosiveness of the electrolyte 
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should not be neglected, but rather the testing conditions (duration, torque, penetration and 
rotational speed) should be better designed for obtaining data able to reproduce the effect of 
corrosive media in the wear rates. 
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7. Conclusions 
In this project, the influence of corrosion on abrasive wear on TBM cutter tool steel in 
interaction with excavation fluids (soil conditioners, anti-abrasion additives and water) has 
been evaluated using a variety of laboratory tests. The results clearly show the influence of 
corrosion on abrasion rates under both soft ground (soil) and hard rock conditions. However, 
the validity of the results obtained has yet to be evaluated under operational conditions 
(actual TBM projects). This issue should be evaluated as more field data, in the form of worn 
TBM tools, becomes available. However, the following conclusions can be drawn on the 
basis of the laboratory tests:  
o The dry reciprocal ball-on-plate tests produced a high COF and the biggest amount 
of abrasive wear on both the steel and rock surface. However, there was no 
measurable weight loss after the tests. This indicates that despite the high COF 
during hard rock tunnel boring, the cutter discs do not suffer much wear. 
o The water from the Faroe Islands reduced the COF and the size of the wear tracks 
on both the steel and rock surface. However, there were some small corrosion pits 
occurring on the steel surface. These pits may act as crack initiation point if the disc 
cutter is exposed to hammering during boring, causing fatigue of even brittle fracture 
to occur. 
o The conditioning additive lowered the COF significantly by producing stable and 
efficient lubrication. This resulted in almost no visible wear tracks neither on the steel 
nor rock surface. However, the foam is causing more pitting to occur on the steel 
surface, making the disc cutters more vulnerable to fatigue and brittle fracture. 
o The use of conditioning additives results in lower abrasion rates in steel when tested 
in two different water media (low and high chloride content), demonstrating the 
positive effect of additives in the abrasion process. 
o Steel corrosion was observed in the presence of seawater and additives. This was 
measured using chemical analysis of the liquid media and by means of a 
microstructural analysis of the steel.  
o In the rubber wheel tests, the combination of sand and water from Israel gave the 
highest weight loss of the tests without additives. This shows that the conditions 
present at this tunnel boring site were highly aggressive. 
o Adding the SLF41 conditioning caused a reduction in the abrasive wear, and 
consequently a reduced weight loss. This indicates that the foam sufficient lubrication 
to prevent contact between the sand particles and the steel surface. However, 
corrosion occurred in form of pitting. These pits may cause fatigue to occur or even 
brittle fracture if the cutter disc encounters some hard geological formations. 
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o This work demonstrates the potential of using this approach in the study of TBM tools 
exposed to degradation mechanisms, wear and corrosion. It should also be possible 
to test other types of tunnel excavation tools such as the drill bits used in drill and 
blast tunnelling operations. 
o In future tunnelling projects, it is important to improve the modelling of steel 
degradation mechanisms in order to fully understand on-site degradation 
phenomena. The good performance of soil conditioners and anti-abrasion additives in 
the laboratory must be validated by on-site data. 
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8. Economical assessment 
This project has been carried out mostly experimentally in laboratory facilities. The resources 
used have been the following: laboratory facilities and equipment, and laboratory personnel. 
All the resources have a cost associated and the details are shown in Table 8.1. Note that 
since the work was performed in Norway the costs are written in Norwegian Crowns (NOK), 
which equivalence in EUR is 0.1. 
Table 8.1. Costs incurred during this project work.  
Concept Hourly cost (NOK) Number of hours Total (NOK) 
Laboratory facilities1) 
Tribology Lab - - 10 000 
Corrosion Lab - - 7 500 
Metallography Lab - - 5 000 
Laboratory equipment 
SEM  700 20 14 000 
Grinding and polishing 150 5 750 
Ball-on-plate 150 40 6 000 
Rubber wheel 150 30 4 500 
SGAT 150 6 900 
ICP-MS2) - - 3 000 
XRD2) - - 1 000 
XRF2) - - 1 500 
Personnel 
Lab technician3) 1 500 30 45 000 
TOTAL - - 99 150 
1) The laboratory facilities correspond to the rental of the laboratory area per semester. 
This rental gives access to all equipment to a certain fee per hour and the free use of 
chemicals and small equipment. 
2) These tests were performed in specialised laboratories and only the final cost of the 
assays was delivered. 
3) The laboratory assistance was used only whenever needed. 
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9. Environmental impact 
The environmental impact of this project can be split in two ways: (1) the environmental 
aspects of working in the lab with chemicals and (2) the environmental aspects of the use of 
conditioning additives in tunnel boring activities. 
9.1. HSE in the laboratory 
For the environmental aspects of working in the lab, the regulations of residues management 
at NTNU have been followed. In the first day of work a Health, Safety and Environmental 
(HSE) course is taken in every laboratory in order to know all the safety issues related to all 
equipment and to get informed about the residues management. The HSE course had the 
following goals: 
• Ensure a safe working environment and prevent accidents and injuries. 
• Ensure that all leaders, employees, and students know their HSE responsibilities and 
have the knowledge and attitude needed to take care of these responsibilities. 
• Include knowledge and awareness of HSE as an important part of the education and 
research at NTNU. 
• Provide the leaders, employees, and students and NTNU with the Laboratory and 
Workshop Handbook. 
In the case of the Tribology and Corrosion laboratories the residues are managed in a 
common area where the different waste were collected in individual containers. The waste 
was split in the following categories and each one was located in a cabinet with ventilation: 
• Organic waste 
o Halogens 
o Non-halogens 
• Inorganic waste 
• Mercury containing waste 
• HF waste 
• Flammable waste 
• Explosive substances 
• Corrosive substances 
• Glass 
• Sharp and metallic waste 
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Whenever the waste containers were full a notice was given to the laboratory responsible for 
getting in touch with the waste management at NTNU according to the local rules at the 
department the lab is located. 
Other environmental aspects to take into account in the performance of this project work are 
related to: the consumption of water and energy in the laboratory, the use of paper, the use 
of lubrication in some of the equipment, the maintenance of the equipment and the 
transportation of the field samples by plane to Norway. These have not been evaluated in 
this work since they could be by itself a project however I am well aware of the impact they 
can have in the environment. 
9.2. Environmental impact of the project 
When this project was started the two main industrial partners (The Robbins Company and 
BASF) had different expectations with regards to the results. For the Robbins Company (the 
producers of TBMs and the cutter discs) the main goal was to understand the tribocorrosion 
mechanisms of their cutters in order to be able to improve them thus minimizing the number 
of downtimes. For BASF (the suppliers of the conditioning additives) was to understand how 
the conditioning additives could influence the degradation mechanisms (mainly abrasion) in 
the steel cutters while having the same or improved performance in the tunnelling process. 
From the point of view of the environment, especially in the case of civil engineering projects 
like the TBMs, the main environmental factor is to minimise the use of chemicals in field and 
also use environmentally friendly or compatible chemicals. Thus in this project BASF is the 
partner with the most critical environmental expectations in this regard however if long and 
continues downtimes are necessary for cutter discs changes the environment can also be 
affected. 
The two conditioning additives used in this project work were provided by BASF and 
according to their data sheets they do not contain hazardous chemicals and they are all 
water compatible. 
In this project it has been shown that the use of conditioning additives when chosen in the 
right way can lead to less wear and degradation of the tools. Therefore it is also expected 
that less failures will occur. In addition, these additives help to increase the monthly advance 
rate of the TBMs, reduce the cutter head torque and lower maintenance costs. Thus, the use 
of conditioning additives in tunnel boring projects will have a positive environmental impact. 
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